Further studies on the binding of pectin methylesterase (PME) to cell wall preparations are described. The PME of extracts of wall preparations from artichoke tubers was separated into three fractions, A, B, and O. Two similar fractions (A and 0) were obtained from tobacco pith wall preparations. The amount of fraction A type PME which could be adsorbed to wall preparations was increased by the addition of 2,4.dichlorophenoxyacetic acid (2,4.D), but not by calcium ions. Neither 2,4.D nor calcium increased the adsorption of fraction B, but calcium and not 2,4·D increased the amount of fraction 0 adsorbed to the wall preparations.
I. INTRODUCTION
Previously it was shown (Glasziou 1957a (Glasziou , 1957b ) that the auxins 3-indolylacetic acid (IAA), 2,4-dichlorophenoxyacetic acid (2,4-D) , and a-naphthaleneacetic acid (NAA) were effective in binding pectin methylesterase (PME) to cell wall preparations from which the enzyme had been split with strong salt solutions. Each auxin had an optimum activity at about lO-IJM . Two other types of binding were observed, one taking place in the absence of added cofactors (non-specific adsorption) and another requiring calcium ions.
It was postulated that the auxin-controlled binding of PME could control the extension properites of the primary cell walls by regulating the amount of PME adsorbed. Immobilization would reduce the activity of the enzyme, and favour an increased degree of methylation of the pectic components of the wall. In a preliminary report (Glasziou 1958 ) details were given of experiments in which whole tobacco pith disks were placed in salt solutions at pH 7·0. Under these conditions PME was partitioned between the disks and the salt solution and the equilibrium position could be altered with 2,4-D. For this reaction the optimum auxin activity was in the range 1Q-5-1O-~M. The results were interpreted as showing that auxin controlled the binding of PME to sites in the disks in a similar manner to the in vitro adsorption of PME to cell wall preparations: *Plant Physiology Unit, Botany School, University of Sydney.
Recently, Tagawa and Bonner (1957) have examined the effects of magnesium, calcium, potassium, and auxin on the elastic and plastic properties of the Avena coleoptile. Their experiments have given strong support to the hypothesis that the primary change which results in increased cell wall extensibility is a methylation towards pectin. Evidence that auxin can affect the rate of incorporation of methyl groups into pectin has been provided by Ordin, Cleland, and Bonner (1957) working with methyl-labelled methionine .
. This paper reports further details of the reactions by which PME is adsorbed to cell wall preparations from Jerusalem artichoke and tobacco pith and also describes some aspects of the relationship between auxin and PME in whole tobacco pith disks.
II. MATERIALS AND METHODS

(a) Artichoke Tubers
The tubers used in all the experiments described had been stored in damp sand at 4-6°C for from 1 to 10 weeks.
(b) Tobacco Pith
Pith was obtained from autumn-sown plants of Nicotiana tabacum L. These plants grew slowly over the winter period and had reached a height of 2-3 ft when harvested in the spring. Pith was removed with a cork borer from along the whole length of the stem except for the tip. Where required, disks about 1 rom in thickness were cut, pooled, and aerated for 2-3 days in distilled water (which was changed at frequent intervals).
(c) Enzyme Assays
The pH titrimetric method described previously (Glasziou 1957b ) was used with the minor modification that the pH was kept as constant as possible at 7 ·0. In addition, a manometric method was developed for assays which required higher sensitivity. This method used the standard procedures of Warburg manometry for the measurement of acid production by the evolution of CO2 from a bicarbonate buffer. The reaction mixture consisted of 4·0 ml 1 per cent. (w/v) citrus pectin in O·lM NaCI adjusted to pH 7·5 and 0·5 ml 0·23M NaHCOs in 'the main compartment, and 0·5 ml enzyme solution in the side-arm. The gas phase was 95 per cent. N2 and 5 per cent. CO 2 . The volume of the manometer vessels used was c. 25 c.c. Linearity was obtained at a reaction rate of 15 pI CO2/min over an initial period of 10 min.
In general, it was found advisable to use smaller amounts of enzyme than would give this rate. The reaction mixture was varied for special purposes and satisfactory results were achieved using 2 per cent. pectin.
(d) PME Units
For the purposes of this work, a PME unit was defined as that amount of enzyme which at pH 7·0 and 20°C gaye a rate of acid production equivalent to 1·0 ml 0.005N acid in 10 min. The assay solution consisted of 10 ml of 0·5 per cent. (w/v) citrus pectin in O·IM N aCl.
III. RESULTS
(a) Non-specific and fAA-induced Adsorption of PME to a Wall Preparation from Artichoke Tuber which had been Stored in the Gold
It was previously found (Glasziou 1957b) that storing artichoke tubers in the cold resulted in the disappearance of the auxin-induced binding of PME and the appearance of increased non-specific adsorption. In experiments with the same batch of artichoke tubers Adamson and Adamson (1957) found that actively growing tubers had no lag period for the effect of auxins on tissue expansion, but that after cold storage there was a lag before expansion commenced. No extensive studies have been made of these effects. However, the following results are recorded as they may have an important bearing on the lag period for auxin response found in many storage or mature tissues. Artichoke tubers which had been stored for 2 months at 4°0 were cut into sections about 1 mm in thickness, washed for several hours in running tap-water, then incubated with aeration for 3 days in an IAA-containing solution (5 mg/l). At this stage, the lAA-treated tissue had expanded approximately 30 per cent. more than controls in water. The lAA-treated tissue was then homogenized and PME and a wall fraction prepared as previously described (Glasziou 1957b) .
In two experiments in which the tissue had been taken through the lag period by IAA pretreatment, an auxin-induced binding of PME to the wall fraction was observed, although high non-specific adsorption was also present (Fig. 1) . As many previous experiments with stored artichoke tubers had failed to show any marked effect of auxins on the binding of PME, it appears likely that auxin pretreatment of the tissue had induced formation of the system for the auxin-controlled binding of PME to the wall sites. NUMBER OF EXTRACTIONS WITH '0% NaCI Fig. 2 .-The residual PME activity of a wall fraction prepared from artichoke tubers. Equal portions of a wall fraction were extracted one to to six times with 10 ml portions of 10 per cent. N aCI, then filtered, and the PME activity of the residue determined. Boiling of the wall fraction destroyed the activity.
(b) The Heterogeneity of PME and PME Adsorption Sites in Artichoke and Tobacco Tissues
Evidence has accumulated which indicates that PME may be heterogeneous. For example, McColloch, Moyer, and Kertesz (1946) purified tomato PME by precipitating the enzyme by the use of 10 per cent. NaCI solution. On the first precipitation 60 per cent. of the original activity was lost, but no further losses were sustained by repeated precipitations. Kertesz (1936) found that PME from tobacco was almost quantitatively adsorbed on decolorizing charcoal but Mehlitz (1932) found that PME from alfalfa was not adsorbed.
Experiments involving cell fractionation and purification of the PME of artichoke tubers and tobacco pith have indicated that the enzyme from these tissues is heterogeneous. For convenience the enzymes have been classified into several types based on their adsorption characteristics.
The first type of PME was bound to wall preparations and could not be removed by treatment with 10 per cent. NaCI at pH 7·0, though this treatment removed most of the PME associated with the walls. To demonstrate this point, equal amounts of a wall preparation were extracted one to six times with 10 per cent. NaCl. In Figure  2 the PME activity of the extracted wall residue is plotted against the number of extractions made. No more enzyme was removed by extracting more than three times and the walls retained a small amount of PME activity. The residual activity was destroyed by heat treatment at 100°C for 10 min. The tissues were homogenized, centrifuged four times at 500 g, the PME extracted with 10 per cent. NaCI, and the extract dialysed overnight. (see text for fractionation procedure)
Total PME Units in Fraction The fractionation of the PME contained in dialysates of 10 per cent. NaCI extracts from wall preparations was carried out with "Hyflo" supercel. When treated in this way, part of the PME activity was adsorbed to the supercel, and a part remained in solution. The soluble enzyme was called fraction A. The enzymes which were adsorbed on the supercel have been called fraction B or C according to whether they were eluted with 0·1 or l'OM N aCl. Table 1 shows the division of the PME activity between the three fractions in five separate experiments with wall preparations from artichoke tuber or tobacco pith. Results given in Table 2 show that about five extractions of the supercel with O'lM NaCl sufficed to remove all of the fraction B enzyme, but that further extraction with l'OM NaCl resulted in a new fraction (fraction C) being brought into solution.
When each of the fractions A, B, and C were treated a second time with "Hyflo" supercel, most of the activity of fraction A and fraction C type PME was recovered in the same fraction in which they had originally appeared. With fraction B much of the activity was lost but a portion of the activity was recovered as. fraction C (Table 3 ). This portion may have been due to contamination offraction B with fraction C enzyme.
Many experiments have been carried out in attempting to demonstrate recombination of PME with the wall fraction in the presence of 2,4-D or calcium ions ,   TABLE 2 THE ELUTION OF FRACTION B AND FRACTION C TYPE PME OF ARTICHOKE TISSUES
FROM "HYFLO" SUPERCEL
The tissues were homogenized, centrifuged three times at 500 g, the PME extracted with 10 per cent. NaCl, and the extract dialysed overnight. The dialysate was treated with "Hyflo" supercel (3 g/IOO ml), and filtered after 15 min. The residue was extracted firstly with successive 15-ml portions of O·lM NaCl (to give fraction B) and then with l'OM NaCl (to give fraction C)
Total PME Units Total PME Units Fraction Eluate
Eluted at each Fraction Eluate Eluted at each Treatment Treatment added at concentrations which had been shown to give marked effects in other preparations (Glasziou 1957a (Glasziou , 1957b ). An increase in the amount of PME adsorbed to the wall fraction from artichokes in the presence of 2,4-D has been demonstrated for fraction A and a slight effect for fraction B which was probably due to contamination of fraction A type enzyme (Table 4) . Non-specific adsorption occurred with both fraction A and fraction B, but no calcium effect has been ·demonstrated for either. A marked calcium effect was observed for fraction C obtained from tobacco pith.
Further evidence for the heterogeneity of PME or PME binding is described in Sections III(c) and III(d) for experiments on whole tobacco pith sections; TABLE 4 THE EFFECT OF 2,4-DICHLOROPHENOXYACETIC ACID (2,4-D) ON THE ADSORPTION OF FRACTION A AND B TYPE PME TO A WALL PREPARATION OF ARTICHOKE TUBERS The complete system contained 2 g wall fraction, 2·44 PME units of fraction A or 6·15 PME units of fraction B, and 2,4-D at a final concentration of 1 X 1O-9M. For experiments with fraction A the final volume was 25 ml and for fraction B 10 mI. After incubation for 90 min at 19°C, the wall residues were filtered, washed with 100 ml O·OOIM phosphate buffer pH 7·0 (in 10-ml portions), and the PME activity of the residues determined Units ofPME Adsorbed Experiments carried out with fractions A, B, and C obtained from an artichoke wall preparation indicated that none of these fractions would hydrolyse methyl butyrate or ethyl acetate, further indicating that none have general esterase activity. No extensive experiments have yet been carried out to determine specificity, pH optima, cation requirments, etc.
(c) The PME Activity of Whole Tobacco Pith Sections Bryan and Newcomb (1954) grew tobacco pith disks on agar-sucrose medium containing IAA. A large increase in fresh weight of the disks occurred compared with the control (no IAA) and the cells enlarged and tended to separate. When whole disks were assayed for PME, considerable activity was measured. Control disks, the cells of which had not separated from each other, had about 30 per cent. of the activity of an equivalent tissue homogenate, while IAA-treated disks with greater exposure of the cell surfaces to the medium had 60 per cent. of the activity of an equivalent homogenate. It was concluded that the high activity of intact cells towards the non-penetrating pectin molecules provided good evidence for the surface localization of the enzyme.
These experiments have been repeated in part and the high PME activity of intact disks confirmed. However, in view of evidence for the heterogeneity of PME, it seemed that Bryan and Newcomb's (1954) observations could be interpreted in a different way, since the effect of IAA may have been to increase the proportion of one type of PME (i.e. a surface-localized enzyme). It was thought that vacuum infiltration of whole disks with a PME assay solution containing pectin and salt should increase the initial rate of hydrolysis of the pectin, provided that the pectin penetrated the intercellular spaces and the enzyme was truly localized in the cell surfaces. When this was done the rate of hydrolysis of pectin increased in both the control and the The complete system contained 2 g fresh weight tobacco pith disks and 10 ml 0·5 per cent. citrus pectin containing O·lM NaCl. The PME activity was determined by measuring the steady rate of pectin hydrolysis at pH 7·0 System Complete Vacuum infiltrated* Plus 0·15M Ca"+ No NaClt
Steady Rate of Pectin Hydrolysis (ml 0·005N acid produced in 10 min) 1·20 1·20 1·51
*The time to reach the steady rate (about 20 min) was not decreased by vacuum infiltration. tPME requires cations for optimum activity. Removal of the disks after 20 min and addition of NaCl to O·lM showed that no PME was extracted.
infiltrated disks over an initial period of about 20 min. A steady rate of hydrolysis then ensued and there was no difference in the steady rate between the treatments. As vacuum infiltration had not decreased the time for reaching the steady rate, the effect of removing the disks was examined. It was then found that in each case more than 90 per cent. of the PME activity of the whole disks remained behind in the assay solution. PME is normally assayed in the presence of cations (see MacDonnell, Jansen, . and Lineweaver 1945), and, whereas Bryan and Newcomb (1954) used calcium in the assay medium, in these experiments sodium was used. Calcium was therefore added to the assay medium at a final concentration of 0·15M, and was found to increase substantially the amount of PME extracted from the disks. Table 5 gives results for the effects of vacuum infiltration, removal of cations, and addition of calcium on the steady rate of pectin hydrolysis for tobacco pith disks.
Investigation showed that the PME activity measured in whole tobacco pith disks was due almost entirely to the extraction of the enzyme by the salt of the assay. medium. As the assays were made by.determing the rate of acid production, it was The complete system contained I g fresh weight tobacco pith disks in 10 ml water containing NaOI and 2,4-D at the concentration shown. O'll necessary to determine the basal rate of acid production by the disks in the absence of pectin, and with varying salt concentration. Results for one such experiment are given in Table 6 and show that the rate was low enough to be neglected in most experiments: The effect of 2,4-D is also shown. Disks (I g fresh weight) were extracted with 0·5 per cent. citrus pectin (12 ml) containing 0·16M NaCI and at pH 7·0 until a steady rate of pectin hydrolysis was reached. The disks were then transferred to a fresh assay solution and the extraction repeated. After five extractions, the disks were homogenized, and the PME activity of·the brei determined System measured: PME units extracted:
Extraction 1st 2nd 0·58 0·28 3rd 4th 0·14 0·07 5th 0·00
Brei of disks after 5th extraction 2·10
To gain knowledge of the mechanism of extraction of PME from the whole disks with salt solutions, disks were extracted in pectin and NaCI until a steady rate of acid production was reached, then transferred to a fresh solution, and again assayed until the steady rate was reached. The process was continued until no more PME could be extracted from the disks, which were then homogenized and the activity of brei determined. The results given in Table 7 show that for that particular batch of disks the amount of PME which could be extracted in this way was about 30 per cent. of the total enzyme originally present. This result is further evidence for the heterogeneity of PME and PME adsorption sites in plant tissue. The results also indicate that the steady rate of pectin hydrolysis represents an equilibrium position in which the enzyme is partitioned between the salt solution and the disks. PME adsorbed to the disks did not contribute to the steady rate of hydrolysis of pectin (there was no significant difference for the rate of pectin hydrolysis when the disks were removed from the assay solution after the first extraction, provided the basal rate of acid. production of the disks was considered). a .. A TIME (MIN) Fig. a. -The effect of 2,4-dichlorophenoxyacetic acid (2,4-D) on the extraction of PME from tobacco pith disks. The 2,4-D was added at a final concentration of I X IO-5M when a steady rate of pectin hydrolysis had been attained. The shift in rate on addition of 2,4-D was due to a shift in the equilibrium position for partitioning of PME between solution and disks. Curves A and B are for disks from different plants.
(d) The Effect of 2,4-D on the Extraction of P ME from Tobacco Pith Di8k8
Figure 3 shows the effect of adding 2,4-D to tobacco pith disks which had reached a steady rate of pectin hydrolysis before addition of auxin. For the two sets of results given, disks from different plants were used. The disks shown in curve B had been pretreated for 1 hr in 0'2M NaCI and then transferred to the assay solution. These results show that, depending on the tissue and conditions, the equilibrium position for partitioning of PME between the assay solution and the disks can be shifted in either direction. Results published previously (Glasziou 1958) have shown that activity of the extracted enzyme is not affected by 2,4-D and that the optimal concentration of 2,4-D for increasing the amount of PME retained by the disks was in the range of 1O-5-1O-6M.
When PME extracted from whole disks with a salt solution at pH 7·0 was fractionated with "Hyflo" supercel in the manner previously described the activity was lost, apparently through denaturation.
The salt concentration necessary to extract PME from whole disks varied when the pith was obtained from different tobacco plants. Usually O'lM NaCI sufficed but higher concentrations were sometimes required. Divalent cations were more effective than monovalent. For example, in one lot of disks very little enzyme was extracted with 0'15M NaCI but an appreciable amount was extracted with the same concentration of CaC~. -;:,. Glasziou (1958) . The PME adsorbed to disks due ~o the addition of 2,4-D was obtained by subtraction from the amount adsorbed at zero concn. 0 Points from experimental data; • points from smooth curve.
Several techniques were used for measuring the effect of 2,4-D on the extraction of PME from disks. The method which yielded the most accurate results was to place the disks in an assay solution and record the steady rate of acid production attained after about 20 min by measuring the amount of alkali required to keep the pH at 7·0. Each assay took about 1 hr and required careful attention to keep the pH constant between limits of 0·2 of a pH unit. A second technique was to incubate the tissue in salt solution and to determine the PME activity of an aliquot of the solution after removal of the disks. To do this it was necessary to buffer th,e salt solutions, as the disks tend to lower the pH which results in marked changes in the amount of enzyme extracted. The addition of buffer decreased the accuracy of the enzyme assays as it decreased the sharpness of the titration end-point .. A third method was to assay the enzyme by using the manometric technique. The disadvantages of this method were threefold. There was firstly the inherent error of Warburg manometry (about 5 per cent.). Secondly, the addition of bicarbonate and subsequent gassing with CO 2 gave a period of about 15 min in which there was inadequate pH control. Because the method was much more sensitive than the pH titration, the amount of tissue had to be restricted to keep the gas changes within reasonable limits and this increased the sampling error.
Although the general effect of 2,4-D has been established using the three techniques cited, the technical difficulties and the variability of the degree of response to auxin between pith obtained from different plants has prevented us from making extensive kinetic studies on the effect of varying 2,4-D concentrations. However, it is worth recording that the double reciprocal plot of 1jPME adsorbed against 1jauxin concentration (Fig. 4) calculated from published data (Fig. 2(a) of Glasziou 1958 ) is of the form previously noted for auxin-controlled PME adsorption to isolated wall fractions.
IV. DISCUSSION
Three types of adsorption of PME to cell wall preparations have been observed. First, there was an auxin-controlled mechanism in which the amount of enzyme adsorbed was increased by increasing concentrations of auxin to an optimum above which a decrease occurred. A second type of adsorption occurred in the absence of added cofactors and may be similar to that postulated by Lineweaver and Ballou (1945) to explain the inihibition of PME from alfalfa by pectic acid. Alfalfa PME was considered to be positively charged below pH 8·5, and to form salt linkages with the dissociated carboxyl groups of pectic acid at lower pH values. An increase of pH, or the addition of cations, was considered to break these bonds and release the enzyme from inhibition. If this postulate is correct, non-specific adsorption of PME may depend on the amount and degree of esterification of protopectin in the wall preparations, and also on the pH and salt concentration. Further work will be carried out on this problem.
Thirdly, as has been reported previously (Glasziou 1957b) , calcium is highly effective in promoting the binding of PME to wall preparations from artichoke tubers: but, at similar concentration, calcium will increase the amount of PME extracted from whole tobacco pith disks. Of the three PME fractions obtained after treatment with "Hyfio" supercel, only fraction C has been observed to give increased recombination with wall preparations in the presence of calcium.
Though negative results are of doubtful value in experiments in which PME was recombined with wall preparations in the presence or absence of added cofactors, the following interpretation is given. Besides the residual PME activity of the cell wall preparations, there were two types of PME in tobacco pith tissue and three types in the artichoke tuber tissue. On fractionation of crude PME extracts using "Hyfio" supercel, the enzyme which was affected by auxins appeared in fraction A in extracts from artichoke wall preparations but was mostly denatured in extracts from tobacco wall preparations. The difference may have been due to protective substances (protein etc.) in the artichoke extracts. The auxin-controlled enzyme, which could be extracted from whole tobacco pith disks, was also denatured by treatment with "Hyfio" supercel. The fraction C type PME was present in both artichoke and tobacco tissues. It showed no non-specific adsorption and no auxin effects but could be recombined with some wall preparations provided calcium ions were present at a concentration of about 1O-2 M. The fraction B type PME from artichoke tubers was not affected by auxins but showed non-specific adsorption to wall preparations. Bryan and Newcomb (1954) observed that IAA-induced enlargement of tobacco pith disks was accompanied by an increase in PME activity to almost twice the value for control sections after 120 hr. They also measured the PME activity of whole tobacco pith disks in which IAA-induced cell expansion had occurred and showed a greater percentage of total activity of an equivalent homogenate than for controls in which cell enlargement had not taken place. The results were interpreted as evidence for the surface localization of PME. Our results showed that the PME activity of whole tobacco pith disks, measured in a pectin-salt assay mixture, was a measure of the amount of enzyme extracted from the disks. Therefore, Bryan and Newcomb's results may have been due to formation of a greater proportion of the type of PME which can be extracted by salt solutions, and which is under auxin control. The enzyme is present in tobacco pith cells (probably in the walls) and is extracted by salt solutions. The amount extracted depends on the pH, type and concentration of cation, and auxin concentration. The equilibrium position for partitioning the enzyme between the solution and the disks depends on the balance between the factors mentioned. The soluble enzyme is not inhibited by auxins; the amount extracted from disks is increased by calcium. The effects of pH and salt concentration indicate that this enzyme may bind to pectate in the walls of the disks in a similar manner to that described by Lineweaver and Ballou (1945) for the binding of alfalfa PME to pectate in vitro.
Previously, it was reported (Glasziou 1957a ) that the in vitro inhibition of PME by IAA described by Bryan and Newcomb could not be repeated. Subsequent work has confirmed that auxins have no in vitro effect on the activity of PME extracted from tobacco pith disks, or PME associated with or extracted from wall preparations. However, the anomaly may be due to a difference in interpretation of the term in vitro. Reference to Table 3 of Bryan and Newcomb indicates that the experiments may have been carried out on whole pith disks, in which case the results are analogous to those reported here. A plot of their data shows that the curve obtained for IAA is very similar to that found for 2,4-D (Glasziou 1958, Fig. 2(b) ) over the low concentration range.
The results reported in this paper are consistent with the previous hypothesis that auxins control extension growth in plants by controlling the adsorption of PME to sites within the cell wall (the greater the adsorption, the smaller the PME activity). Increased adsorption would permit increased methylation of the pectic substances and enhanced plastic properties (i.e. reduced wall pressure).
The role of the other types of PME in cellular metabolism in not clear. These enzymes, like a number of other hydrolytic enzymes, may be more or less inactive in the intact cell. Alternatively, the various pectin-hydrolysing enzymes may be specific for different chain lengths of the polygalacturonides as in the fatty acidactivating enzymes. Methylesterase enzymes of different specificities would provide a possible explanation of the results of Ordin, Cleland, and Bonner (1957) showing that auxin affected the rate of incorporation of labelled methyl groups into pectin or their rate of loss from pectin, but did not affect incorporation or loss from protopectin.
Many of the far-reaching effects of auxins may be explicable in terms of the drain on the methyl group and other metabolic pools in the cell when the activity of PME is altered, and in certain types of cell these secondary effects may well be more important than the primary effect on the wall properties.
Some of the possible metabolic interrelationships concerned in determining the properties of the primary cell wall are summarized below:
Galacturonic acid 
